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LIGHT REGIME OF A TWO-LAYER ATMOSPHERE-SEA MEDIUM

S. D. Gutshabash

The light regimes of the sea and the atmosphere, as well /44*

as the intensity of diffuse radiation at the sea-atmosphere

boundary, may be determined from the following assumption. The

atmosphere, with an optical thickness of T 1 and a quantum sur-

vival probability A,, is adjacent to the sea, whose optical

thickness is infinite and whose quantum survival probability /45

is 12. In a calculation of the atmospheric light regime, the

fact is taken into consideration that the atmosphere is irradi-

ated by both parallel solar rays, and radiation which is

diffusely reflected from the sea. The light regime of the sea

may be calculated under the assumption that the sea is irradiated

not only by solar rays, which are attenuated by the atmosphere,

but also by diffuse radiation of the atmosphere.

At first, for purposes of simplicity, the scattering of

light in the sea and the atmosphere is assumed to be isotropic,

and the boundary is not considered. Then the solution obtained

is generalized to the case of nonisotropic scattering, In

conclusion, the orthotropic boundary between the atmosphere and

the sea is considered.

Isotropic Scattering

Light regime of the atmosphere.. Let us assume that an

isotropically scattering atmosphere is irradiated by parallel

rays, whose flux through a unit area perpendicular to the rays

*Numbers in the margin indicate pagination of original
foreign text.
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at the level of the upper boundary equals wS, and the angle of

incidence is i = arccos 1. The source function Bo(T, ) is

determined by the following equation [1]

o( - , C)) + se- . (1)
- IA Id -q + X1 S e

where I(T, n, r) is the strength of diffuse radiation at the

optical depth T, O = arccos n - angle with the normal, If, in

addition, the atmosphere is irradiated by diffuse radiation of

the strength 12(T, n, C) coming from the sea, then the source

function is

t -

S -( = I ( )d,±+ se + (.2)

k, d .
0 4

Equation (2) differs from (1) by a free term. However,

the free term of Equation (2) is the superposition of terms of

the same type as the free term of Equation (1). In-view of the

linearity of both equations, this means that the solution of

Equation (2) is a superposition of the solution of Equation (1),

Consequently, we may write

Thus, if the source function Bo(T, r) is known,for the case when

the atmosphere is irradiated by parallel rays, we may use inte-

gration to find the source function for the case when the atmos- /46

phere is irradiated by diffuse radiation of the sea, in addition.
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The strength of diffuse radiation at the optical depth T,

which goes in the upwards direction '(Figure 1), 'is determined

by the formula

(v, - , )= B(r', )e d

and in the downward direction

B (-', Qe - - . (5)

Instead of B(T, r), substituting its value from Equation (3), we

obtain

where

9 -

O( R... = ".. ' ... .
.L. - " .

Formulas (6) determine the light regime of the atmosphere.

If we set T = 0 in the first of them, we obtain the strength of

the radiation 13(0, , ) which is diffusely reflected by the

two-Wayer atmosphere-sea medium.: As is customary, assuming

- s . ( 8)
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Figure 1. Atmosphere irradi- Figure 2. Sea irradiated by

ated by solar rays and solar rays attenuated by the

diffuse radiation of the sea. atmosphere, and diffuse radi-
ation-of the atmosphere.

we obtain

.. . . ' ).IS 2- - n, . . - +

_ "(9)

+-2 2(C, 1, )e , /

The last term is added to allow for radiation passing directly

from the surface of the sea.

Light regime of the sea. We shall assume that the optical

thickness T = 0 corresponds to the surface of the sea. -The flux /47

of solar rays through a unit surface at the sea level is desig-

nated by wS'. Apparently we have

- -- -- -



If it assumed that the sea is irradiated only by parallel

solar rays, then for the source function Bo(T, ") we may write

B( • ( .I (11)
-'--

Taking into account the diffuse radiation of the atmosphere, we

obtain

(12)
X l (j,. r', .e ' dy'.

Utilizing, just as above, the principle of. superposition, we

obtain

B(r, 0-= ( - , ((,. Q+.: l) I io(t, ') d. (13). . 0

The strength of the diffuse radiation at the optical depth T. /48

(Figure 2) passing upward is

d9

e.

and in the depths of the sea

, (, =o B ( t '  e (14)

Utilizing Expression (13), we have

7

-- --. + . . . . . d ,0

P+ S'40 (15)
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Here

e 1'

10 S(16)

B(. ) e

To determine the strength at the atmosphere-sea boundary,

we assume T = Ti in the second of the equations (6). Utilizing

Formulas (8), we find the strength of the diffuse radiation

passing from the atmosphere to the sea Ii(T, n, C). Similarly,

assuming T = 0 in the first of the equations (15), we find the

strength of the radiation which is diffusely reflected by the

sea. As a result, we obtain a system of equations for the

unknown strengths

St (17)

12(,, , C)S(,:)cCC 2I(..', C)p(Q, (')~'? '.

In the second of these equations, instead of the strength, we

have introduced the reflection coefficient p(nr, *) by means of

the relationship

(o, -l )---s'-(18)

The system, which is similar to system (17), was examined /49

previously [2]. The solution may be found by means of certain

auxiliary functions which only depend on.one of the arguments n

or 5.



Nonisotropic Scattering

Let us extend the results obtained to the case of noniso-

tropic scattering in the atmosphere and the sea.

Light regime of the atmosphere. If the atmosphere is

irradiated by parallel solar rays, then.the source function is

Bo(;. q, z . , o)= 4n ' (v, '', C, ,', ,o) Xi
-G -i / . (19)

• . .. -. , •. ..p~. p ' ) • - --. 0

where x(n, , p, o) is the scattering indicatrix of the atmos-

phere, p and yo are the azimuths calculated from a certain

direction.

If we assume that the atmosphere -is irradiated by diffuse

radiation of the sea, then

B ?(0, Ti 4. 9fo)=Bo, C 1 p C, 9 o)+

, -(20)xj- ad 'S 2(,. ,', % , '. ?0)x , 71 , cp ?')e. ' . (20)

Utilizing the principle of superposition, we obtain

.B( , q,. , y, po)=Bo(-; ?-C ,_P )-
d' ." V C B C p (2

where 12(T1, I, , p,y o) is the strength of radiation which is

diffusely reflected by.the sea. Substituting (21) in Equations

(4) and (5),IIweIj find the light regime at the optical depth T
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Formulas (22) determine the light regime of the atmosphere in.. /50

the case when the atmosphere is irradiated both by parallel rays,

and by diffuse radiation of the sea.

Light regime of the sea. If .the sea is irradiated by

parallel solar rays attenuated by the atmosphere, then the source

function at the optical depth T is

,Bo(+ ',. , , C (-, V' , C ', )x2 (' , -', 4r ')X /
-- 1

: ... (23)

' Xd7' Sx2 ( l, .~ Po) e '

where x2(i, r, 0,Y 0 ) is the scattering indacatrix of the sea.

Taking into account diffuse radiation of the atmosphere, we shall

have

+ d7 . ,T.. 7( C,Ip , X . 9x'P, 1 . ..... (24)

or

d ( , , ,,Bo)=- (0, B .r, P, Wpo)-
i 7 .','. (25j

8
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Utilizing Formulas (14), we find the strength of diffuse radiation

at the optical depth . -- light regime of the sea

,--,- C r I , (' , 7 , C , .o) 4 ,f ",z', (26)

.... ...~ .... -, . -. ... .-i.-) e- T .

Just as above, assuming T = Ti in the second of the formulas (22),

and T = 0 in the first of the formulas (26), we obtain a system.

of equations which determines the strength at the sea-atmosphere

boundary

It, , ' . '3', T. P (r , 'n , ') + '

12(1- ' r,, . ?0)=Sp(. r. , 0o)e ' (27) /51

If we represent the scattering indicatrices in terms of Legendre

polynomials, then,the solution of this system may be obtained by

means of certain auxiliary functions which depend on one of the

variables n or c. We should note that a system similar to this

one was studied previously.

Scattering of Light in the Sea with Allowance for the

Orthotropic Boundary between the Atmosphere and the Sea

Let us examine the problem of light scattering in the two-

layer atmosphere-sea medium, under the condition that the boundary

between the sea and the atmosphere is orthotropic. In certain
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) cases which occur in practice

(ripples on the sea), this boundary

_ /is close to the boundary actually

1,(pt,) observed. For purposes of simpli-

city, we shall first assume that

the light scattering in both media

is isotropic, and then the results

S( , obtained will be extended to the
S(,C) \ F()

case of nonisbtropic scattering.

We shall use A to designate

C the ratio between the flux reflected

from the boundary between the media

and the incident flux (albedo), in
Figure 3. Two-layer medium
with orthotropic boundary. the first medium. In the second

medium, we shall use B. Generally

speaking, the albedo depends on the angle of incidence for the

radiation, but we shall assume that A = const and B = const.

We shall use I,(n, ) to designate the strength of diffuse

radiation --falling at the angle = arccos n to the normal,

from the first medium at the boundary between the media. Since

the boundary is'orthotropic, the strength of radiation coming

from the boundary'I 2 (C) does not depend on n. I3(n, C) - the

strength of diffuse radiation falling on the second medium at

the boundary, and I() - that of radiation passing from the

boundary within the second medium (Figure 3), have similar .0

properties. For the strengths Ii, 12, ! 3 ,.and 14, we may write /52

* I-( : D /,. (28)
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2 (C)= A Se 'C ,2 , d+

( , . 9 p : 9

. L , -.. I
- (q " (30)

..' .-: , -.- - ' . ' + "

:(I --A) Se C 2i r . . I(31)

In order to solve the system of equations (28). (31)., we set

'1N, )==SC1(C1, C)C; . 12(C)=SR(C)C,

(32)
1iN. •)=-SP (, )6,_14 () SQ ( I;

I

v' ( ) 2 Pt ( , ') ' d ; #2 (7 )=2" p ( , ') -' d.i

ve 2 -d

C'  ,(,) d c~=2 v' .,
. .. , .. .I..

In this notation, the system of equations (28).. (31) may be

written in the form
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' 1('h,. Q =, r)-- i('C, "Q r)+ lr(Q,,( N);

R( =A [ (r)+CiR ( +(1 -B) Q( C2;
(33)

Q (.) BC 2Q ()+(1 - A) (r ) -+C,R()I.

As a result of the solution of this system, we obtain .L53

A + C2D
S- AC- BC2 - CICD

I-A

(34)
A + CID

' ';"- - AC, -- BC --- C IC ( ; 3

where

(35)

Formulas (34) are the desired formulas,

We obtain the following for the strength of reflected

radiation, i.e., radiation which is diffusely reflected by a

el -C+- -. 71- 1 . +

(36)

or, utilizing the notation introduced above,

TT A + C2 D .(37)
@ , p. .. ( . I 1-ACI-BC 2 - C C2D
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We should note that the expression in the brackets is symmetrical

with respect to n and , as is required by the principle of

reversibility for optical phenomena.

The values of the auxiliary functions VI(T), V2 (T') and 1(T)

may be readily found by means of the Ambartsumyan functions and

their zero moments [4].

We should note that when C2 = 0, Formulas (32) and (35)

change into the formulas obtained by V. V. Sobolev [4] for a

medium limited by an orthotropic base.

In order to determine the light regime of the sea, we shall,

find the source function. Apparently, .in this case

-__ (38 )

-I

Comparing this expression with the source function .(11), we /54

find the following for,-the case when the sea is irradiated by

parallel rays

2V)d.. ' (39)

Substituting Expression (38) in Formulas (14), we may find

the light regime of the sea and the strength of diffuse radiation

at the boundary. Then, multiplying Equation (39) by.
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and integrating between 0 to , we obtain

SId ~ 14 (CL 2 oq. C')d';1 (40)

Assuming

I(o. )=S'p(-q (C41)

we again arrive at Formula (30).

The results obtained above may be readily extended to the

case of nonisotropic scattering of light in the atmosphere and

the sea. We shall use x1 (y) to designate the scattering indica-

trix in the atmosphere, and x 2 (y) - in the sea. Just as pre-

viously, we shall assume that the brightness coefficients of

each of the media, in the absence of the other, are known:

P i(TI, p; q', pto) , li(Tj, , ,, o) , and ' p(q , ,' o)

For the strength at the sea-atmosphere boundary ~(, C, p,_).,

k(;, po), Is(l , cp, Ipo), and 14( , () , assuming the boundary is ortho-

tropic, we obtain

• l~l , "P")=S ( 7 , , ....)I+ ,' - ". -"

, , . ,,(42)?."p" , - , -n -.- ' . , p')-. 'd'l ';

2zI

14
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414 (r- {0') 2' 4; t4
la ( , ,. :o, " ) d ' P (4 4',  . y')"' d' ';

13 ' '- (44)
.(, %)=B d ,& 1  _ , " 0,-B

+(1-A) Se d+S , (45)

As is customary, we shall assume that the indicatrices may be /5 5

represented in terms of Legendre polynomials

X, (7)= xP,.(cos); x2(T)=3.yPn,(cos ), ... . (46)
n=O .=O

and then the brightness coefficients are determined by the

relationships

P1 (1. , T F. To)= P (p', .C) cos n (?- o);
n=o.

P P( Io) pQO (i, C)cosn(9- 0o).

If we try to determine I, and 12 in the form

SI:-_"=o- (48)

13(7, C,: 'c 0)= 1(3 . . ()= "'. C)cosn (-? ).
-=O

and substitute (47) and (48) in Equations (42) - (45), then only

the first terms remain in all the sums as a result of integration

over the azimuth. Thus, the solution of Equations ('42) - (45)
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may be written similarly to the solution of the System (28) -

(31). It thus follows that we may replace pI(Ti, n, n'), p.(n, T'),

and io(,Ti n, n') in the auxiliary functions vi(n) and v2(n) by

(0) ( (0)
.Pi ( i, n, n'), (n, '), and o (T,, n, n').

To determine the light regime of the sea, we must.find the

source function. .Apparently, in this case

B(,, q, (p, 70)- d' SI(:, .; P', O) .X
• -I i. ,. (49)

. o x

Comparing this equation with Equation (24) and utilizing the

principle of superposition, we have

B(,=. d: ' . 4A . ', ' . (50)

Thus, in this case, the source function B may be found, if /56

the source function Bo is known for a medium irradiated by paral-

lel rays.

Thus, if the source function is known for a medium which is

irradiated by parallel rays, then finding the source function for

a medium irradiated by diffuse radiation reduces to simple inte-

gration over the directions. Thus, the light regime of the atmos-

phere is determined by Formulas (7), if the atmosphere is irradi-

ated only by parallel solar rays, and it is determined by Formulas

(6), if in addition the atmosphere is irradiated by diffuse radi-

ation coming from the surface of the sea. %In a similar manner,

the light regime of the sea is determined by Formulas (16), if

16
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the sea is irradiated only by parallel solar rays attenuated by

the atmosphere, and it is determined by Formulas (15), if the

sea is irradiated by diffuse radiation of the atmosphere.
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